Purpose Androgen deprivation therapy (ADT), used increasingly in the treatment of localized prostate cancer, is associated with substantial long-term adverse consequences, including incident diabetes. While previous studies have suggested that ADT negatively influences glycemic control in existing diabetes, its association with diabetes complications has not been investigated. In this study, we examined the association between ADT use and diabetes complications in prostate cancer patients. Methods A retrospective cohort study was conducted among men with newly diagnosed localized prostate cancer between 1995 and 2008, enrolled in three integrated health care systems. Men had radical prostatectomy or radiotherapy (curative intent therapy), existing type II diabetes mellitus (T2DM), and were followed through December 2010 (n = 5,336). Cox proportional hazards models were used to examine associations between ADT use and diabetes complications (any complication), and individual complications (diabetic neuropathy, diabetic retinopathy, diabetic amputation or diabetic cataract) after prostate cancer diagnosis. Results ADT use was associated with an increased risk of any diabetes complication after prostate cancer diagnosis (adjusted hazard ratio, AHR, 1.12, 95% CI 1.03-1.23) as well as an increased risk of each individual complication compared to non-use. Conclusion ADT use in men with T2DM, who received curative intent therapy for prostate cancer, was associated with an increased risk of diabetes complications. These findings support those of previous studies, which showed that ADT worsened diabetes control. Additional, larger studies are required to confirm these findings and to potentially inform the development of a risk-benefit assessment for men with existing T2DM, before initiating ADT.
Introduction
Androgen deprivation therapy (ADT) is often the standard of care in men with clinically localized prostate cancer as either adjuvant therapy for radiation-treated locally advanced disease, or as a salvage treatment for recurrence or biochemical failure following locally curative treatment [1] [2] [3] [4] . However, while adjuvant ADT with radiotherapy improves survival in men with locally advanced prostate cancer, little evidence exists for salvage ADT (sADT) alone for the treatment of biochemical-only recurrence, signaled by a rising PSA following curative therapies. ADT has substantial long-term adverse consequences on quality of life [5] [6] [7] [8] [9] [10] [11] [12] . Given the low probability of prostate cancer-related death in men diagnosed with localized cancer and the high median age at prostate cancer diagnosis, [13] the potential serious adverse effects of ADT warrant careful consideration relative to the benefits.
ADT has been linked to decreased insulin sensitivity [14] and development of incident diabetes [5, 8, 9, [15] [16] [17] . In 2010, the FDA mandated labeling changes for ADT products to highlight warnings regarding the risk of diabetes [18] . Despite these concerns, little is known on how ADT affects diabetes control and complications among men with existing type II diabetes mellitus (T2DM). Two small studies examining its use in diabetic prostate cancer patients found that ADT use was associated with increased serum hemoglobin a1c (HbA1c) and fasting serum glucose levels and substantially worsened glycemic control [19, 20] . However, these studies were limited by the lack of an appropriate comparison group (non-ADT users). In a larger cohort study from the Veterans Health Administration (VA) that compared patients with and without ADT use, ADT was associated with worsening glycemic control, defined as both increases in HbA1c levels and the need for additional diabetes medications, in prostate cancer patients with diabetes [21] . However, despite suggestions of worsening glycemic control, the association of ADT with actual diabetes complications has not been investigated.
Among the 29.1 million Americans with diabetes, diabetes complications such as diabetic neuropathy, diabetic retinopathy, diabetic amputation, and diabetic cataracts result in vast morbidity, disability, and mortality and account for around 35% of the total estimated $92 billion in medical expenditures for this disease [22] .
Given the high prevalence of T2DM in the US population, the serious risk of diabetes complications and the growing numbers of prostate cancer survivors, [23] determining the risk of diabetes complications associated with ADT use may help to more fully inform treatment decisions regarding the appropriate use of adjuvant or sADT in this subgroup of higher risk men.
In this study, we examined the effect of ADT on diabetes complications among men receiving curative therapies for localized prostate cancer who had existing T2DM at the time of their cancer diagnosis. 
Methods

Data sources
Study cohort
A total of 37,818 men newly diagnosed with localized prostate cancer and treated with primary radical prostatectomy (RP) (n = 15,231) or radiotherapy (RT) (n = 16,058) were assessed for eligibility. Only men with existing T2DM diagnosed before their prostate cancer were included (5,336 men) in this study. T2DM was defined as either (1) one inpatient primary diagnosis, (2) two outpatient diagnoses at least 30 days apart, (3) antidiabetic medication prescriptions, and (4) at least one HbA1c test result greater than 7%. If men met more than one of these conditions, the earliest recorded diagnosis date was chosen. All patients were followed up through December 21, 2010 or until censoring due to first diabetic complication (after prostate cancer diagnosis), death, or disenrollment. Only those with T2DM, and not type I diabetes mellitus (T1DM), were included as the effects of ADT on glycemic control are believed to be related to metabolic syndrome which has been implicated in type II diabetes.
Exposures
ADT
Exposure to ADT was defined as ever use of either a GnRH analog (e.g., leuprolide, goserelin, or triporelin) or GnRH antagonists (e.g., abarelix or degarelix), with or without an oral anti-androgen (flutamide, bicalutamide, or nilutamide) for combined androgen blockade in prostate cancer at any time after initial diagnosis. Due to possible incomplete PSA data in some health plans, adjuvant ADT and sADT exposures were defined in the entire cohort based on the timing relative to primary prostate cancer therapy. Adjuvant ADT was defined as ADT initiated just before or within 6 months following primary prostatectomy for men with pathologically regional summary stage or within 6 months following the last date of primary radiotherapy. sADT was defined as either (1) ADT after primary prostatectomy for men with pathologically localized summary stage; (2) initiation of ADT after a period of 6 months or more following primary prostatectomy for men with pathologically regional summary stage, or after 6 months or more following the last dose of primary radiotherapy; or (3) ADT after 12 or more months following the last date of adjuvant ADT. We required at least 12 months of an ADT-free period in this latter definition to reduce the possibility of misclassifying adjuvant ADT as sADT. Exposure to either adjuvant ADT or sADT at any time during follow-up was considered.
Diabetes drugs
Exposure to diabetes drugs including oral agents (metformin, sulfonylureas [glyburide, glipizide, glimepiride, tolazamide, tolbutamide, acarbose, miglitol, pioglitazone, rosiglitazone, nateglinide, repaglinide]) and insulins (ever/ never use) from 1 year prior to prostate cancer diagnosis date until the end of follow-up was determined from electronic pharmacy records.
Outcomes
Data on the incidence and date of diabetes complications, that occurred after the date of first prostate cancer diagnosis, including diabetic neuropathy (ICD 9 code-250.6x), diabetic retinopathy (ICD9 code-250.5x), diabetic amputation (ICD9 code-84.xx) or cataracts (ICD 9 code-366.xx) were obtained from all inpatient and outpatient clinical encounter data in the integrated health systems' EMRs.
Covariates
Information on covariates related to prostate cancer were obtained from the health care systems' tumor registries that operate in accordance with national registry standards and are the primary sources for data transmitted to the NCI's Surveillance, Epidemiology, and End Results program. Data on age at diagnosis, race-ethnicity, tumor stage, primary treatment, total serum PSA level (ng/mL) at baseline (defined as the closest value within the 6 months before prostate cancer diagnosis), and the two-value summed Gleason score from the first biopsy leading to the prostate cancer diagnosis were extracted. Based on patients' T-stage, PSA level, and Gleason sum, risk groups were computed as low, intermediate, or high based on American Urological Association (AUA) definitions: low risk defined as PSA ≤ 10, Gleason score ≤ 6, and stages T1c-T2a; intermediate risk defined as PSA 11-20 or Gleason score = 7 or stage T2b; and high risk defined as PSA > 20, Gleason score ≥ 8, or clinical stage T2c-3a [24] . For other clinical covariates, we constructed the Elixhauser comorbidity index [25] using electronic health records from 2 years before prostate cancer diagnosis date. For each condition, an inpatient diagnosis and/or at least two outpatient diagnoses codes were required at least 30 days apart to minimize falsepositives. Availability of baseline HbA1c values varied over time by health system, thus we did not have complete data on baseline HBA1c levels and were unable to include it as a confounder.
Statistical analysis
Descriptive statistics were used to compare population characteristics according to ADT use. Due to varying lengths of follow-up available for men in the cohort, rates of diabetic complications by ADT use status were computed. Cox Proportional Hazard (PH) models were used to estimate the association (expressed as hazard ratios) between ADT use (ever use and time between first and last prescription) and time to first diabetes complications adjusting for all other clinical and socio-demographic variables. Five separate models were constructed for the different types of diabetes complications. The first related to the first incidence of any complication type while the other models related to the first incidence of four specific complications (diabetic neuropathy, diabetic retinopathy, diabetic amputation, or diabetic cataract).
For each model, follow-up began on the date of prostate cancer diagnosis with incidence of diabetes complications as the outcome event or censoring defined as disenrollment from the health plans, death, or end of study period (July 31, 2010), whichever came first. Each modeled outcome was adjusted for patients socio-demographic factors (age at diagnosis, race/ ethnicity, health plan), clinical prognostic factors (AUA risk group, radiation or surgery as primary treatment), and comorbidities, measured using the Elixhauser comorbidity index. Diabetes severity was approximated using data on diabetes drug use from 1 year prior to prostate cancer diagnosis date until end of follow-up (no diabetes medications were classified as less severe T2DM, use of oral agents only represented intermediate severity, and insulin with or without oral agents indicated more severe T2DM) and included in the model as a fixed variable. Ever use of ADT was modeled as a timedependent variable where patients were classed as unexposed until the start of the first ADT treatment, after which they were considered exposed until event occurrence or end of followup, whichever came first. Follow-up ended with first diabetes complication, thus ADT use after the first complication did not contribute towards ADT-associated complication risk. A post hoc analysis adjusting the original Cox model for prior history of diabetes complications as a time varying covariate was performed. All tests of statistical significance were twosided. SAS statistical software, version 9 (SAS Institute, Inc., Cary, North Carolina) was used for all analyses.
Results
Population characteristics
The cohort included 5,336 men newly diagnosed with localized prostate cancer who had pre-existing T2DM. ADT users contributed 6,379 years of study follow-up while non-users contributed 19,196 years. ADT users were more often in the "high" risk group according to the AUA definition and were diagnosed with prostate cancer at an older age (Table 1) .
Diabetes complications and ADT use
Cataracts were the most common outcome in the cohort, followed by neuropathy, retinopathy, and amputations. The incidence rate for any diabetes complication was 249.3 per 1,000 person years in ADT users and 231.9 per 1,000 person years in non-users (Table 2 ). Multivariate analyses Table 2 ). The results did not change substantially when we adjusted for prior history of complications.
Discussion
In this study of men with localized prostate cancer and T2DM, we found that ADT use was associated with a 12% increased risk of experiencing any diabetes complication (cataract, diabetic retinopathy, diabetic neuropathy, or diabetic amputation) as well as increased risks of diabetic neuropathy and amputation, specifically. These findings are consistent with previous studies showing that ADT induces metabolic changes such as insulin resistance, [14] which have been associated with increasing hyperglycemia in patients with diabetes [26, 27] . These metabolic changes may lead to worsening diabetes control (indicated by increases in HBA1c level), despite intensification of pharmacotherapy, as demonstrated in a recent VA study [21] . A UK-based prospective diabetes study demonstrated that increasing HBA1C predicts poorer diabetes control and has been associated with an increased risk of diabetes complications [28] . ADT users were slightly older than non-users (mean age 68 vs. 65); however, the assumption that older men are more likely to have microvascular diabetes complications may not be correct, according to a large and wellknown diabetes and aging study. In this study it was reported that, "for a given duration of diabetes, rates of hypoglycemia, cardiovascular complications, and mortality increased steeply with advancing age, while rates of microvascular complications remained stable or declined." [29] . Diabetes is the sixth leading cause of death in the U.S. Mortality risk increases as the degree of diabetes complications increases [30] . Severe microvascular complications such as severe diabetic retinopathy, early and severe diabetic nephropathy, peripheral vascular disease, hyperglycemia, and metabolic abnormalities increase mortality. In addition, these complications are responsible for significant morbidity and disability in patients with diabetes [22] . Considering all of these risks and the fact that diabetes complications account for more than 35% of almost $92 billion in medical expenditures for diabetes, reducing the risk of diabetes complications is critical for improving quality of care and patient outcomes in those with T2DM, and also for cost control [22] .
The National Comprehensive Cancer Network (NCCN) has developed guidelines aimed at reducing the risks associated with ADT use in prostate cancer patients [31] . However, diabetes prevention recommendations are vague and similar to those advocated for routine prevention in the general population. There is no additional consideration given to the potential implications of ADT use in men with existing diabetes.
While our findings suggest only a modestly increased risk of diabetes complications, given the recent controversy regarding the survival benefit of ADT in localized prostate cancer, a careful risk-benefit assessment for men with existing T2DM, may be appropriate before initiating ADT. At a minimum for these men, more intensive and/or frequent monitoring of glycemic control, promoting physical activity and, if indicated, use of additional diabetes therapy may be considered. However, each of these requires further study. This study has a number of strengths: To our knowledge this is the first study to examine the association of ADT use and risk of diabetes complications among men with prostate cancer with pre-existing T2DM. The study population was drawn from three large diverse health care systems increasing the generalizability of the findings to the whole US population. Comprehensive follow-up data were available from the EMRs in these health care systems allowing reliable ascertainment of ADT use and many important covariates. Study limitations include the possibility of residual confounding, particularly from unmeasured factors associated with ADT treatment choice (patient and physician factors) that might have influenced the risk of diabetes complications, BMI, and health behaviors (e.g., physical activity), which were not available or complete in the EMR. While the proportion of diabetes complications observed was substantial, the actual number of prostate cancer cases with diabetes in this study was small and there are other diabetes complications that were not assessed. The findings of this study may not be generalizable to prostate cancer patients who did not receive RP or RT or those who used ADT as a primary therapy. We did not have detailed data on ADT dose or duration of use due to the early practice in two of the three integrated health plans, contributing EHR data for our study, of only recording the initial ADT (LHRH agonists) injection rather than each ADT/LHRH agonist injection given over the course of time. Therefore, it was not possible to estimate a dose-response effect and this may require further study. Further, we did not adjust for baseline HbA1C levels or diabetes duration, a marker of diabetes severity, as we did not have complete data for all study participants. However, we did adjust for insulin use, a recognized indicator of severity, and prior history of diabetes complications.
Conclusion
ADT use in men with T2DM who received curative intent therapy for prostate cancer was associated with an increased risk of diabetes complications particularly diabetic neuropathy and amputation. These findings support those of previous studies which showed that ADT worsened diabetes control and increased HbA1c levels. Additional, larger studies are required to confirm these findings and to potentially inform the development of a risk-benefit assessment for men with existing T2DM, before initiating ADT.
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